has evolved into an alternative procedure to surgical valve replacement for high-risk patients with aortic valve stenosis. Despite technical innovations, there is still a risk of complications during and after the intervention. After a TAVI procedure, ECG-gated multidetector computed tomography (MDCT) plays an important role in the early diagnosis of local complications. In this article, we explain for the first time how the technical acquisition of MDCT in the region of the aortic root is performed as post-interventional control of the TAVI prosthesis. In the second part normal post-interventional findings of different prosthetic valves as well as classic and uncommon complications in the implant area will be illustrated in several case studies.
Introduction
Transcatheter aortic valve implantation (TAVI) is an established alternative to surgical valve replacement for patients with a high surgical risk. Despite ever-growing experience, technical optimizations, and improved patient screening, there is still a risk of complications. ECG-triggered multidetector computed tomography (MDCT) is important for pre-interventional planning and can also be used for post-interventional early detection of both acute and long-term complications.
In the clinical routine, valve function is evaluated by means of transthoracic echocardiography. Paravalvular insufficiency can be detected with high sensitivity with the Doppler technique. Parameters such as the average pressure gradient and the velocity ratio across the valve prosthesis are used to detect stenosis. However, the valve leaflets often cannot be directly visualized on echocardiography [1, 2] . MDCT allows precise morphological visualization of the valve and analysis of movement throughout the entire cardiac cycle. Moreover, the stent position, coronary artery branches, and the integrity of the aortic root can be reliably evaluated. Reliable evaluation requires correct technical implementation of the CT scan, basic knowledge of the types of valves, normal post-interventional findings, and knowledge of classic and life-threatening complications after a TAVI procedure. This article discusses the fundamentals of the technical implementation and the evaluation of post-interventional MDCT.
Implementation
At our institute, MDCT of an aortic valve prosthesis is performed using the spiral technique under continuous table advance with retrospective ECG gating throughout the entire cardiac cycle with craniocaudal extension over the aortic root (Siemens Somatom Definition Flash, Siemens Healthcare, Forchheim, Germany) [2, 3] . As a result, image reconstruction is possible for the relatively small scan volume with a craniocaudal length of approx. 8 cm in every phase of the cardiac cycle. If the heart valve is to be visualized with high resolution in every phase, the tube current modulation of the scanner must be switched off ("pulsing off"). After bolus tracking in the left atrium (100HU) and a breathing command (7 seconds), the CT scan is initiated in the caudocranial direction. A bolus of 50 ml of nonionic contrast agent (Imeron 400 ® , Bracco) is injected at a rate of 4 ml/s. This is followed by a 50-ml saline bolus with an injection rate of 4 ml/s. In post-processing, the scan volume is reconstructed in increments of 50 ms or 5 % of the cardiac cycle so that the scan volume is ultimately available for evaluation in up to 20 different phases with a slice thickness of 1 mm.
Radiological evaluation
After data acquisition, the image data are sent to the picture archiving and communication system (PACS). With the help of dedicated image reporting software (we use SyngoVia workstation, Siemens Healthcare, Forchheim, Germany), the axial and sagittal viewing planes are aligned with respect to the stent axis so that the position of the valve prosthesis within the aortic root is optimally visualized (▶ Fig. 1a-c) . As a result, the position of the stent frame, stent expansion, and the coronary artery branches can be evaluated and the examiner can assess the valve leaflets, general complications, such as hematomas, and the intactness of the aortic annulus. To detect thickening of the valve leaflets and to check leaflet movement, all phases of the cardiac cycle should be evaluated. The multiphase view in image reporting software in which the individual phases can be viewed in the desired angulation as a video is suitable for this purpose. Valve leaflet movement can thus be evaluated dynamically (4 D) ▶ Video 1.
Normal findings

Stent frame
The valve types most commonly implanted at our hospital are the "Edwards SAPIEN XT" and its next generation the "Edwards SA-PIEN 3" from Edwards Lifesciences (Irvine, California, USA), the "CoreValve" and its next generation the "CoreValve Evolut R" from Medtronic (Minneapolis, Minnesota, USA) and the "Lotus" from Boston Scientific (Natick, Massachusetts) [3] .
Edwards SAPIEN prostheses
The "Edwards SAPIEN XT" and the "Edwards SAPIEN 3" are balloon-expandable aortic valve prostheses consisting of a cobaltchromium stent with bovine pericardial leaflets. The lower 2/3 of the stent has a sealing cuff. The upper portion of the stent frame is open [4] .
The typical post-interventional CT finding for an Edwards SAPIEN 3 prosthesis is shown in ▶ Fig. 1a -c. In the case of balloon-expandable aortic valve prostheses like the Edwards SAPIEN prosthesis, the stent frame is designed to expand fully in a circular fashion so that it presses the calcified original valve against the wall of the aortic root [4] .
The best clinical successes are achieved when the stent frame is fixed at the level of as well as under the insertion of the original semilunar leaflets. Therefore, the original recommendation is to place the prosthesis so that the middle of the stent is at the level of the original annulus so that 50 % of the stent frame extends proximally and 50 % distally [5] . In the case of Edwards SAPIEN prostheses, upward movement of the stent can occur during implantation, often resulting in a slightly higher implantation position of the valve [6] . This higher implantation position is still associated with a good clinical result. A good result is therefore achieved when the inferior stent end is implanted below the annulus, i. e. below the semilunar leaflet insertion, and the cranial stent end completely covers the semilunar leaflets [4] . In the case of a position that is too high, the basal insertion of the original valve cannot be covered while in the case of a position that is too low, the free edge of the original valve (lunula) cannot be completely covered. The stent seal cannot be seen on CT. The covered part cannot be differentiated from the uncovered part.
Even in the case of optimal positioning, the stent frame can extend partially over the coronary ostia, usually the left. In the case of a valve position that is too high, the stent frame fully cov- ers a coronary ostium, usually the left. However, since only the inferior 2/3 of the stent is covered with a seal, occlusion of the coronary ostia almost never occurs [4] . Normal contrast enhancement of the free coronary ostia should be present.
The entire circumference of the stent should lie against the left ventricular outflow tract (LVOT) (▶ Fig. 1b, c) . Massive, asymmetrical calcifications can result in incomplete conformation of the stent to the wall of the LVOT [4] .
CoreValve prostheses
The CoreValve prostheses from Medtronic consist of a cup-shaped nitinol stent with porcine pericardial leaflets. In contrast to Edwards SAPIEN prostheses, these prostheses expand automatically after release. Therefore, they do not need to have a round shape after implantation but rather conform to the shape of the annulus [4] . They are significantly longer than Edwards SAPIEN prostheses and have a broader distal anchoring point in the ascending aorta but do not form a seal there (▶ Fig. 2a-c) [7] . The optimal position is with the lower end approximately 4 -6 mm below the original annulus level [5] . The position is too low when the lower end is more than 12 mm below the annulus and the position is too high when the lower end is above the annulus [8] .
Lotus prosthesis
The Lotus prosthesis from Boston Scientific also consists of a nitinol frame with a round shape when expanded and valve leaflets of bovine pericardium. A flexible polyurethane/polycarbonate seal around the lower half of the stent frame (adaptive seal) prevents paravalvular leaks [9] . In contrast to the other two prostheses, the Lotus valve prosthesis is expanded mechanically via three arms and not automatically or via balloon catheter. This allows relatively controlled insertion of the valve and also the option of retrieving and repositioning the valve even after complete expansion. An additional radiopaque tantalum marker in the center of the stent frame facilitates positioning of the valve [9] . During expansion of the stent, the stent frame shortens and the marker moves in the direction of the annulus until it reaches the correct position at the level of the sinus of Valsalva, approx. 5 mm distal to the annulus [10] . The marker can cause beam-hardening artifacts on CT and must not be confused with a para-or intravalvular foreign object (▶ Fig. 3a-c) .
Prosthesis leaflets
The prosthesis leaflets of the newly implanted aortic valve are visible on CT as fine, symmetrical, hypodense, arched structures within the lumen (▶ Fig. 1a, b) . Thickening of one or more leaflets is to be categorized as pathological.
The multi-phase reconstruction from the ECG-triggered CT dataset allows evaluation not only of the morphology of the prosthesis leaflets but also of valve movement. In particular, in areas with a thickened valve leaflet, hypokinesia, i. e., reduced movement between diastole and systole, must be evaluated. Dedicated image reporting software can be used to visualize leaflet movement as a video sequence ▶ Video 1.
Aortic root
Both the valve prosthesis and the integrity of the aortic root must be assessed. The shape of the aortic root can change post-interventionally from elliptical to round. However, an eccentric aneurysm (pseudoaneurysm, refer to Chapter V, section 6 "Annulus rupture" with figures) or fluid around the aortic root must not be present [11] .
Special case: transapical TAVI
After transapical TAVI with access via the cardiac apex, hyperdense suture material (felt) is typically located around the exterior of the cardiac apex (▶ Fig. 4a ). This must not be confused with ▶ Fig. 2 Normal CT finding of a CoreValve Evolut R-prosthesis in a axial and b parasagittal angulation as well as c thick-slab multiplanar reconstruction (MPR) illustrating the stent geometry and the exact implantation position.
the rare complication of a suture aneurysm after transapical TAVI (▶ Fig. 4b ) [4, 12] . Purely on the basis of density, felt material may not be able to be differentiated from a pseudoaneurysm in the arterial phase. However, the typical course and configuration of the felt material around the cardiac apex usually allows differentiation. In the case of uncertainty or primary suspicion of a suture aneurysm, a native ECG-triggered low-dose CT scan (as in calcium scoring in coronary imaging) can be additionally performed here. After transapical TAVI, mediastinal air inclusions and minimal mediastinal fluid are common postoperative findings and have no pathological significance.
Complications
Valve thrombosis
The complication most commonly observed on post-interventional CT is valve thrombosis. The incidence of early valve thrombosis is significantly higher than previously assumed, i. e., 5 -10 % in post-TAVI follow-up studies using MDCT [1, 3] . The following must be taken into consideration in the evaluation: The leaflets of all types of prostheses are very thin, typically thinner than surgical valves (< 0.35 mm). They may only be visible on CT as fine hypodense lines. Even the most minor thickening can no longer be classified as "normal". The leaflets are therefore not measured on CT. A cut-off value is not described in the literature and thickening is described on a purely visual basis. For differentiation from an artifact, hypodense thickening of the leaflet is defined as true valve thickening when it can be visualized in multiplanar reconstructions (MPRs) on at least 2 planes and in at least 2 phases of ▶ Fig. 3 Normal CT findings of a Lotus-prosthesis in a axial and b parasagittal angulation as well as c fluoroscopy during implantation. Note the radiopaque marker which causes beam hardening artifacts on CT (arrows). After deployment, the correct position of the marker is at the level of the sinus of Valsalva, about 5 mm distal to the native annulus.
▶ Fig. 4 a Felt around the cardiac apex (arrow) after transapical TAVI, not to be confused with a suture aneurysm. b Suture aneurysm at the cardiac apex after transapical TAVI (thick arrow). Laterally hyperdense felt material (dashed arrow). the cardiac cycle (▶ Fig. 5a, b, 6a, b) [2, 3] . Thrombosis of the valve leaflet can be but is not necessarily associated with hypokinesia of the corresponding valve leaflet. One of more leaflets can be affected ▶ Video 2.
With respect to differential diagnosis, thickening of a leaflet, particularly at the base, tends to indicate valve thrombosis while thickening of prosthesis leaflets with free-floating structures indicates the rare complication of infectious endocarditis [3, 13, 14] .
Early, small thromboses are often asymptomatic. In transthoracic echocardiography, an increased average pressure gradient and an increased velocity ratio over the valve prosthesis indicate stenosis, often caused by thrombosis [15] . However, minor valve thromboses are not necessarily associated with hypokinesia and thus also not with stenosis. Therefore, they are usually not visible on transthoracic echocardiography [1] . Even with transesophageal echocardiography, thrombosis cannot be visualized due to through-transmission artifacts caused by the TAVI stent [1, 2] .
The treatment of clinically occult valve thromboses after TAVI with anticoagulants is controversial [3] .
Incorrect valve position
As explained in the section "Normal findings", the prosthesis should ideally be positioned so that the covered portion of the stent fully covers the original valve. If this is not the case, the original valve leaflets project into the lumen, resulting in an obstruction (▶ Fig. 7) . Moreover, the incorrect stent position can present an increased risk for secondary dislocation (▶ Fig. 8 ).
▶ Fig. 5 Thickening of the attachments of the right and non-coronary leaflet in a axial and b parasagittal view, which is typical for leaflet thrombosis.
▶ Fig. 6 Severe leaflet thrombosis of a CoreValve-prosthesis with profuse thickening mainly of the right and non-coronary leaflet a axial and b parasagittal. Concomitant marked hypokinesia which echocardiographically manifested as valve stenosis.
Stent dislocation
Stent dislocation after correct initial positioning is a rare complication and usually occurs during the intervention (0.2 % of patients [16] ). If the position of the valve prosthesis is too low with hemodynamically relevant paraaortic regurgitation, an attempt is made during the intervention to reposition the valve manually with a special catheter technique (lasso technique) [8] . If that attempt is unsuccessful, a second valve can be inserted into the first in a slightly more distal position to prevent paravalvular regurgitation.
In the case of a valve prosthesis that is initially implanted too high or in the case of secondary dislocation in a distal direction with hemodynamic relevance or overlap of the coronary ostia, an attempt is made to reposition the valve further distally with respect to the annulus into the ascending aorta to create space for a second valve prosthesis and to correctly position it [8] .
Occlusion of the coronary ostia
Occlusion of the coronary ostia due to a particularly high stent position is very rare since only the lower stent portions are covered in the Edwards SAPIEN and Lotus prostheses and there is significant tapering at the level of the coronary ostia in the case of the CoreValve prosthesis [4, 9, 12] . Occlusion of the ostia can be caused not only by the stent but also by positioning of the original calcified valves in front of the ostium, an aortic dissection with involvement of the coronary artery, or embolization of calcium or deposits on the old aortic valve into the coronary arteries. However, it is a very rare acute complication that is typically diagnosed during the intervention via angiography or echocardiography and is only seen in extreme exceptions on CT [17 -19] . The total incidence in studies is 0.66 % [20] . Acute occlusion could be treated by catheter in most cases, with open bypass operation being necessary in only a few cases [19, 20] . For protection, in high-risk cases, catheterization with a coronary catheter is recommended prior to insertion of the valve. The use of a retractable valve (e. g. Lotus) can also be helpful [20] .
OP-VIDEO
▶ Video 2 Same patient as in ▶ Fig. 4 . Thrombotic apposition of right and non-coronary leaflet. There is hypokinesia at the thickened areas.
▶ Fig. 7 Position of an Edwards SAPIEN 3-prosthesis in the LVOT that is too low with the original valve leaflets extending beyond the stent frame, fortunately not causing significant obstruction.
▶ Fig. 8 Position of a CoreValve-prosthesis that is too high in the aortic root. Due to pronounced confluent calcifications of the original valve, the prosthesis could not be placed deeply enough. Consequently, the caudal end of the stent frame only barely extends to the annulus. The stent wire is not fully unfolded. The risk of secondary dislocation into the ascending aorta is increased.
Incorrect stent expansion
Pronounced, asymmetrical calcification of the original aortic valve rarely results in incomplete stent expansion. It usually leads to incomplete conforming of the stent to the LVOT, resulting in paravalvular regurgitation (▶ Fig. 9a, b) [4] . However, optimal positioning and expansion of the valve prosthesis does not rule out paravalvular insufficiency. In contrast, in our experience, most cases of paravalvular insufficiency seen on echocardiography cannot be visualized on MDCT even retrospectively. The Doppler echocardiography technique provides significantly more sensitive detection of paravalvular insufficiencies than MDCT.
Annulus rupture -rare but life-threatening complication
A life-threatening post-interventional complication is rupture of the aortic annulus. One risk factor is significant calcification of the left-ventricular outflow tract [21] . MDCT shows contrast agent extravasation. This can be in the form of contrast pooling or a pseudoaneurysm in terms of a covered rupture (▶ Fig. 10a-c, 11a-c) . A mediastinal hematoma is typically also present. In the case of a perforation in the pericardium, a hemopericardium can result in pericardial tamponade.
Discussion -indication for post-TAVI MDCT
There is currently no recommendation for the routine use of MDCT in all patients after TAVI. This is a subject of controversy in the literature. To date, studies have shown that small thromboses detected by MDCT are usually clinically unapparent. They are not necessarily associated with functional impairment of the valve or cardiac insufficiency [3, 22] . The use of anticoagulation therapy in these cases is questioned in the literature [3] . In the entire TAVI patient population, late dislocation of the stent (0.2 % of patients [16] ) and coronary artery occlusion (0.66 % of patients [20] ) are extremely rare complications that probably would not justify routine use of CT after TAVI in asymptomatic patients. Paravalvular insufficiencies are also not a primary indication for computed tomography since they can usually be effectively diagnosed by echocardiography as described above.
However, one study including 135 patients who all underwent a routine follow-up MDCT examination after TAVI showed major complications in 4 -5 % of the patients. These included rupture of the sinus of Valsalva, aortic dissection, intramural hematoma, and left-ventricular pseudoaneurysm [23] . These complications were asymptomatic in 4 patients and were first detected on MDCT. Moreover, studies showed that early valve thrombosis in the first three months after TAVI is more common than previously assumed (4 -10 % of patients) [1, 3] . Without anticoagulation therapy or with only dual antiplatelet therapy, thrombosis typically progresses and can lead over time to significant movement restrictions resulting in hemodynamically relevant valve stenosis. Anticoagulation therapy with phenprocoumon plus clopidogrel resolved the valve thrombosis. Therefore, patients with minor, subclinical valve thromboses do not require anticoagulation therapy but should be closely monitored [3] .
The use of post-TAVI MDCT for further clarification in the case of new or progressing functional impairment of the valve, clinical worsening, or unclear echocardiographic and clinical findings is largely accepted.
Of course, the pretest probability of complications is significantly higher for these patients after examination by cardiologists and interdisciplinary consultation than for the total patient population (in percent, see above).
In rare cases in which a serious complication, such as annulus rupture, is suspected during the intervention, a post-TAVI MDCT scan should always be performed as quickly as possible.
Post-TAVI MDCT is a quick and relatively safe method for this purpose and uses a comparatively small amount of contrast agent. Although the dose is relatively high (in studies with retrospective gating approx. 16 mSv with a scan length of 15 cm) [24] , it should be taken into consideration that patients in whom a TAVI prosthesis was implanted tend to be of an advanced age and usually have comorbidities. However, retrospective gating with data acquisition over the entire cardiac cycle is not necessary for all issues. Prospective ECG gating with data acquisition can only be performed within a narrow time frame, e. g., during diastole, to rule out aortic dissection or an incorrect stent position. As a result the dose can be significantly reduced. However, the disadvantage of prospective gating is that the option to reconstruct the raw data at different points in time in the ECG cycle (selection of the "best" reconstruction phase) or to change ECG synchronization points as desired is not available to the same extent as in the case of retrospective gating. In the case of arrhythmia, these options in retrospective gating can significantly improve image quality.
Conclusion
Using only a small amount of contrast agent, an aortic valve prosthesis can be effectively visualized with high spatial resolution in multiple phases of the cardiac cycle via retrospective ECG-triggered MDCT after transcatheter aortic valve implantation (TAVI). Requirements for the reliable evaluation of MDCT are basic knowledge of the types of valves and knowledge of normal post-interventional findings as discussed in this article. MDCT is superior to echocardiography in the direct detection of valve thrombosis. By recording multiple phases of the cardiac cycle, a functional analysis of the valve and thus detection of hypokinesia in the case of ▶ Fig. 11 This figure does not show post-interventional annulus rupture. The eccentric pseudoaneurysm shown in a, b cannot be differentiated from a contained annulus rupture on the basis of the imaging alone. It existed before the intervention (already apparent on the pre-TAVI CT c). It corresponds to an old paravalvular abscess after endocarditis which is now perfused as a pseudoaneurysm. In spite of the pseudoaneurysm, TAVI could be performed without any complications. The patient was free of symptoms at the time of post-TAVI CT.
valve thrombosis are possible. The position of the stent-bearing valve, stent expansion, and the integrity of the aortic root must be evaluated after the intervention. Life-threatening complications, such as annulus rupture, can be reliably diagnosed on CT.
